Abstract -Aims: This study examined brain activity using functional magnetic resonance imaging (fMRI) and reaction time (RT) during an implicit repetition priming memory task involving alcohol, polydrug, marijuana and emotional picture cues. Methods: Participants were 5 male and 5 female high-risk college students who had just participated in a cue exposure study (Ray et al., this issue). fMRI and RT data were collected while participants made decisions about previously seen and new picture cues. Results: Both behavioral RT and brain imaging data revealed strong memory priming for drug and alcohol cues. Neurologically, a repetition priming effect (suppression in neural activity for repeated cues) was observed in response to alcohol cues in the left prefrontal, bilateral occipital, and bilateral occipitotemporal regions, as well as right insula and right precuneus (Z ranged from 3.03 to 3.31 P < 0.05). Polydrug cues elicited priming in the occipital and temporal areas, and marijuana cues in the occipital area. Conclusions: Prefrontal and insular cortex involvement both in reactivity to alcohol cues (Ray et al., this issue) and subsequent implicit memory processing of these cues, as found in this study, suggests their potential role in the maintenance of high-risk alcohol use behaviors.
INTRODUCTION
Much research attention in cognitive neuroscience has been focused on the search for neuronal networks that underlie implicit memory processing (Meister et al., 2005; Schacter et al., 2004) . One of the most commonly studied phenomena in implicit memory is repetition priming. Repetition priming denotes a facilitative change in the ability to identify a particular stimulus because of a prior encounter with that stimulus (Tulving and Schacter, 1992) . Such repetition effects have been shown to arise from as little as one stimulus exposure, yet can be long-lasting (Cave, 1997) . Repetition priming has been studied using a number of paradigms, and it usually manifests as a decrease in reaction time or biased response selection when there has been a prior encounter with the stimulus Miller et al., 1996) . This facilitation in reaction indicates that priming allows for a faster, more efficient neural processing of previously experienced stimuli (Badgaiyan, 2008; Schacter and Buckner, 1998; Van Turennout et al., 2000) .
Although behavioral paradigms often show a reduction in reaction time (RT), functional magnetic resonance imaging (fMRI) has been used to understand the specific neural underpinnings of the repetition priming phenomenon Van Turennout et al., 2000) . In the brain, suppression effects during repetition priming have been indicated by a reduction in cortical activity elicited by repeated or previously studied stimuli (Meister et al., 2005; Vuilleumier et al., 2002) . The brain areas most often associated with repetition suppression effects are in the extrastriate cortex, and frontal and occipitotemporal areas Henson et al., 2000; Vuilleumier et al., 2002) . Suppression of neural activity has been robustly demonstrated during repeated exposure to various classes of stimuli, including objects, words and faces (Ishai et al., 2004) .
How the emotional valence of the stimuli affects memory priming is less clear. Ishai et al. (2004) demonstrated that fearful faces elicited repetition suppression effects in occipital and temporal areas and amygdala, using event-related fMRI. Ishai et al. (2006) also reported suppression effects evidenced by reduced amplitude of the magnetoencephalography (MEG) signal to repeated fearful faces in the extrastriate cortex. While these studies suggested a facilitative effect of emotional valence on priming, other studies have reported inconsistent results. Using a matching task that involved neutral and fearful faces, Bentley et al. (2003) found behavioral evidence of repetition priming for neutral, but not for fearful faces. At a neural level, they further found attenuated decreases in orbitofrontal cortex activation in response to fearful faces, relative to neutral faces, consistent with the behavioral results. Using a stimulus detection task with negative and neutral emotional pictures (International Affective Picture System [IAPS]; Lang et al., 2001 ) and negative and neutral emotional words, Marchewka and Nowicka (2007) found that the emotional valence of the stimuli affected RT such that only neutral stimuli showed behavioral priming effects. Thus, it is not currently certain how and under what circumstances the emotional value of a stimulus affects memory priming (c.f., Phan et al., 2002) .
The question of whether negative emotional or appetitive stimuli differentially facilitate memory priming is particularly germane to understanding alcohol and drug cue reactivity. It is important to examine implicit repetition priming of substance-related cues, because maintenance of alcohol and drug use, as well as the development of substance use disorders, is believed to be influenced by implicit memory processes that lie outside of conscious awareness and effortful cognitive control (Robinson and Berridge, 1993) . Accordingly, unintentional memory processes may play a key role in the promoting substance use behaviors. The present study used RT and fMRI to examine behavioral facilitation and suppression of brain activity related to repetition priming of alcohol, polydrug, marijuana and emotional picture cues in the high-risk college students who were initially exposed to some, but not all of these pictures as a part of the cue exposure study reported in Ray et al. (this issue, pp. XX) . To our knowledge, behavioral and neural repetition priming responses to substance-related cues have not previously been studied. Because college students who violate university's alcohol and drug policy are at high risk to develop a substance use disorder (Barnett and Read, 2005) , we hypothesized that they would demonstrate a decreased RT and a decreased brain activation, that is, reduced blood oxygenation-level-dependent (BOLD) response, in reaction to previously studied alcohol-, polydrug-and marijuana-related cues compared with cues from these classes that had not previously been seen (Ray et al., this issue, pp. XX) .
We further predicted that the repetition priming effect would be localized in brain areas, including frontal, occipital and occipitotemporal cortices Henson et al., 2000; Vuilleumier et al., 2002) . Because of the potential role of insula in reactivity to appetitive cues (Myrick et al., 2004; Naqvi et al., 2007; Tapert et al., 2004) , we further included, in this study, insula as a region of interest and tentatively hypothesized repetition priming effects (i.e. suppression of neural activity in response to previously seen picture cues) would also be found in this area. Owing to the lack of consistency in the previous literature regarding the influence of emotional valence of stimuli on repetition priming, we hypothesized that neutral picture cues would demonstrate a repetition priming effect, whereas investigation of priming effects involving negative and positive emotional pictures cues was exploratory.
METHODS
Participants completed this memory study immediately following their participation in the cue exposure study described in Ray et al. (2010, this issue, pp. XX) . See this accompanying main study for a description of the selection of participants, their alcohol and drug use characteristics, materials, general procedures and fMRI acquisition parameters.
Experimental task
The experimental task was a repetition priming paradigm that included a study phase and a test phase. The study phase comprised the cue exposure paradigm that participants completed as a part of the accompanying main study (see Ray et al., this issue, pp . XX for a detailed description), and the test phase comprised the picture/non-picture decision task described below.
In between the study and test phases, participants completed a 2-min distractor task that involved counting backwards from 100 by intervals of 7. The distractor task ensured that participants were not thinking about the subset of picture cues that had been presented during the study phase. Then during the test phase, participants completed a picture/ non-picture decision task, wherein they viewed a total of 360 stimuli including the 90 studied ( previously viewed in Ray et al., this issue) picture cues from 6 categories, 90 nonstudied (new) picture cues from the same 6 categories and 180 non-picture cues. "Non-picture" cues were created by electronically distorting pictures that were not used in the experiment. The non-pictures were partially distorted to retain some of their original picture's characteristics using a previously validated technique (Ray et al., in review) . Retention of some of the original picture's characteristics in the non-pictures' helped ensure that participants cognitively processed each stimulus cue while they made decisions about whether it was a picture or non-picture. Non-pictures were described to participants as pictures that did not represent an object, person or scene that they might potentially see in real life. Several examples of non-picture stimuli were shown as examples to ensure that participants understood the decision task. Each stimulus cue was presented sequentially and the order of presentation was randomized. We utilized an event-related design for the repetition priming paradigm, because it is more powerful than the block design for examining activation in response to single, specific trial types (i.e. priming effects) Wagner et al., 1998) . Each stimulus was presented for 2.5 s and participants were asked to press the left mouse button if they decided the stimulus was a picture, and the right mouse button if they decided the stimulus was a non-picture. Both RT and accuracy data were collected. The total experimental task duration was~30 min.
RESULTS

Behavioral data analysis
For each participant, the amount of behavioral repetition priming for each picture cue type was calculated by subtracting the mean RT (in ms) to the studied picture cues from that to the non-studied picture cues (see Table 1 ; Buckner et al., 1998; Ray and Bates, 2006) . Only RT data for correct picture/non-picture decisions were included in the priming analyses. Errors were defined when participants did not respond within the duration limit for a particular item or made an incorrect response ( pressed an incorrect response key). Response errors were rare, suggesting that participants could reliably make picture versus non-picture decisions (5.6%). Paired t-test results revealed that participants showed significant repetition priming for alcohol-related picture cues (t = 6.31, 9 df, P = 0.000, η 2 = 0.82) and polydrug-related fMRI BOLD Response of High-risk College Studentspicture cues (t = 3.80, 9 df, P = 0.004, η 2 = 0.62). There was a trend-level priming effect for marijuana-related picture cues (t = 2.17, 9 df, P = 0.052, η 2 = 0.34). Thus, participants demonstrated large effect sizes for behavioral repetition priming involving alcohol and polydrug cues (Cohen, 1988) . There were no significant repetition priming effects for positive emotional, negative emotional and neutral picture cues.
fMRI data analysis
The fMRI data were analyzed using FEAT (FMRI Expert Analysis) Tool, Version 5.90, part of FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). The BOLD scans were motion corrected and spatial smoothing (Gaussian kernel FWHM 10 mm) was applied. BOLD scans for each participant were registered first to that participant's anatomical (T1; mprage) scans, and then registered to standard space using the FSL's MNI (Montreal Neurologic Institute) template.
The analysis of the fMRI data involved two stages. In the first stage of analysis, individual activation patterns for each participant in each experimental condition were obtained by subtracting baseline activity from the activity recorded during a given experimental condition. There were a total of 12 experimental conditions, including the studied and nonstudied picture cues for alcohol, polydrug, marijuana, positive emotional, negative emotional, and neutral stimulus conditions. Contrasts between conditions (e.g. alcohol nonstudied versus alcohol studied) were then computed by subtracting the above baseline activation of all participants in one condition (e.g. alcohol cues that were studied) from that of the same participants in a second condition (e.g. alcohol cues that were non-studied). fMRI analyses included the whole brain. Z (Gaussianized T/F) statistic images were thresholded using clusters determined by Z > 3.01 and a (corrected) cluster significance threshold of P = 0.05 (Worsley, 2001) .
Participants demonstrated a neural repetition priming effect for alcohol-, polydrug-and marijuana-related picture cues, but not for emotional and neutral picture cues. During the test phase of the repetition priming paradigm, nonstudied alcohol-related picture cues produced significantly greater brain activation, that is, an increased BOLD signal in right insula (Fig. 1) , right precuneus, left middle frontal gyrus, left inferior frontal gyrus, left occipital fusiform gyrus (Fig. 2) , right temporal occipital fusiform cortex, right occipital pole (Fig. 2) and bilateral lingual gyrus regions compared with the studied alcohol-related cues (Table 2) . Non-studied polydrug-related pictures cues elicited significantly greater activation in bilateral occipital cortex and left inferior temporal gyrus compared with studied polydrugrelated picture cues, whereas non-studied marijuana-related picture cues showed significantly greater activation only in the left occipital pole compared with studied marijuanarelated picture cues (Table 2) .
DISCUSSION
The present study used RT and fMRI to examine behavioral facilitation and brain activity related to implicit memory processing of alcohol, polydrug, marijuana and emotional picture cues in college students who binge drink and are at increased risk for developing a substance use disorder. To our knowledge, this is the first study that examined the repetition priming effects involving alcohol-and drug-related cues. The primary finding was that participants revealed strong behavioral priming and neural suppression effects for alcohol-and drug-related picture cues to which they had previously been exposed. That is, they responded in the decision task more quickly and exhibited a decreased BOLD signal in response to the previously studied (repeated) alcohol and drug cues compared with non-studied (new) alcohol and drug cues in multiple brain areas. The neural suppression results were particularly noteworthy in response to alcohol cues. We found that implicit memory processing of alcoholrelated picture cues not only involved brain areas such as prefrontal, occipital and occipitotemporal that have previously been found for implicit memory processing of neutral picture and word stimuli  , but also insula which is believed to play an important role in the development and maintenance of addictive behaviors and alcohol and other drug craving (Myrick et al., 2004; Naqvi et al., 2007; Park et al., 2007; Tapert et al., 2004) . Similarly, we found neural suppression in the precuneus during repetition priming of alcohol cues. A recent study showed that activation in response to alcohol-related cues in the precuneus area was correlated with the level of craving among participants with alcohol use disorders (Park et al., 2007) . Considering together the results of the cue exposure study (see Ray et al., 2010 , this issue, pp. XX) and the present implicit memory study, the prefrontal and insular cortices showed significantly high activation during the processing of alcohol-related cues when they were presented for the first time, indicating suppression of neural activity that occurred along with reduced RT when these same alcohol cues were processed a second time, consistent with facilitated implicit information processing during repetition priming. Given the role of prefrontal cortex in attention allocation and action planning, and the role of the insula in determining the value of a stimulus as it may affect bodily state (Paulus and Stein, 2006) , one way in which implicit memory for alcohol stimuli may promote future alcohol use is through fast and effortless attention capture and valuation of remembered visceral state.
In contrast, participants did not show significant involvement of craving-related brain areas during repetition priming of polydrug and marijuana picture cues. Yet, consistent with the behavioral evidence for faster processing of drug cues, their functional imaging data did show neural evidence of priming in the occipital (marijuana and polydrug cues) and temporal ( polydrug cues) areas. This pattern of neural suppression is consistent with previous priming research that used non-appetitive picture and word stimuli Henson et al., 2000; Meister et al., 2005; Schacter et al., 2004; Vuilleumier et al., 2002) . The absence of suppression in insula and precuneous to drug cues appears to be consistent with participants' much greater use of alcohol than other drugs.
Despite the finding that mandated college students showed repetition priming involving alcohol-and drug-related picture cues, they failed to show behavioral or neural priming effects in response to positive emotional, negative emotional and neutral picture cues. Several previous studies also failed to demonstrate a repetition priming effect using negative picture and word stimuli (Bentley et al., 2003; Marchewka and Nowicka, 2007) . It has been suggested that a lack of priming for emotionally negative stimuli may be explained by the operation of an attentional bias mechanism, wherein attention is always preferentially directed toward emotionally negative stimuli. Thus, it may be that the level of attention remained unchanged during an initial and subsequent presentation of negative stimuli, resulting in similarly fast detection of those stimuli and, as a consequence, an absence of the priming effect (Marchewka and Nowicka, 2007) . This idea, however, does not explain the present study's failure to find priming for neutral cues that was found in two previous studies (Bentley et al., 2003; Marchewka and Nowicka, 2007) . It is possible that a difference in experimental methodology (matching and stimulus detection task in the previous studies versus picture/nonpicture decision task in this study) contributed to this lack of consistency. Perhaps more importantly, the large RT variances in priming effects for the emotional and neutral stimuli (see Table 1 ) suggest that there were substantial individual differences in behavioral facilitation due to prior exposure. Six of 10 participants showed priming for the negative emotional, positive emotional and/or neutral stimuli, whereas 4 failed to show priming. The six participants who did exhibit priming did not show it consistently across the three categories, suggesting that emotional and neutral cues were differentially meaningful to different individuals (individual-level analyses are not shown but are available from the authors by request). It should also be noted that the present study involved six different categories of picture cues, so that the experimental memory processing context was more complex than in previous studies. This complexity may have contributed to preferential processing of the most individually salient cue types. In the present study of highrisk college students, alcohol-, polydrug-and marijuanarelated cues appeared to be more uniformly salient in that they were successful in producing a significant priming effect as measured both behaviorally and neurologically at the group level.
This study involves the same limitations as described for the main study (Ray et al., 2010 ; this issue, pp. XX), including the modest N, and the absence of a low-risk control group and urine drug screen. The present study examined only exposure effects and memory for cues while participants were in the sober state. It is also important for future research to consider how these processing operations may serve to promote alcohol and drug use behaviors during the time course of drinking episodes. The literature consistently shows that repetition priming, as well as other automatic and implicit memory processes, proceed efficiently during acute intoxication at alcohol doses that significantly impair effortful memory (Fillmore et al., 1999; Ray et al., 2004; Ray and Bates, 2006; Tracy and Bates, 1999) . It may be speculated that enhanced behavioral priming and neural suppression in Table 2 . Significant increased BOLD response to non-studied alcohol-, polydrug-and marijuana-related picture cues compared with studied alcohol-, polydrug-and marijuana-related picture cues fMRI BOLD Response of High-risk College Studentsresponse to alcohol cues during acute episodes of intoxication may also serve to further interfere with effortful control of alcohol use behaviors once drinking has been initiated.
